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ABSTRACT

The propulsion losses, which are caused by added drag
due to steering of the ship, can be minimized by using an
Adaptive Automatic Optimal Controller. It is shown in this
thesis that an Adaptive Automatic Optimal Controller is
capable of providing fuel savings in excess of 0.5 9% over a
well tuned PID controller when operating at the design speed
at random headings in sea states. A new approach was used
in finding fuel savings without using the engine specifica-
tions.

It is shown that the second-order forces and moments
create drift motions along the surge, sway, and yaw axes.
As a consequence of this, the second-order forces and
moments cause more fuel consumption than the first-order
forces and moments, which create only oscillatory ship
motions along these axes. So the sea state in the determin-
istic model is represented by the first-order and second-

order forces and moments.
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I. INTRODUCTION

An overall rise in fuel prices has led to an increasing
interest in the design of autopilots for ships. The purpose
of the automatic steering control is to minimize propulsion
losses which are caused by added drag due to steering of the
ship.

Several attempts have been made to define a measure of
steering efficiency based on propulsion losses and proposals
have been made for the design of an autopilot which mini-
mizes the propulsion losses. As a performance criteria,
added resistance due to steering suggested by Norrbin, N. H.
was used in most of the studies because it is convenient for
ship board use.

Many researchers indicate that a carefully designed
controller could save from one to two percent of fuel by
minimizing the propulsion losses which are caused by added
drag due to steering of the ship . No analytical evaluation
of propulsion losses due to steering in a sea state has been
made.

The goal of this thesis is to study fuel savings using
various kinds of controllers, and especially to compare an
Adaptive Automatic Optimal Controller with a PID controller
to see the difference between them. The optimal gain parame-
ters of the Adaptive Automatic Optimal Controller are
provided by LTJG. Cetin Diken [Ref. 1].

To study the optimization problem, models of both the
ship and the operating environment are required. Chapter 2
addresses what type of computer model can be used to repre-
sent the ship.

The ship's nonlinear equaticns of motion were needed to
simulate the ship 1in the computer program. Chapter 3

addresses the Mariner Class ship nonlinear eguations of

motion.

11
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A;4 Chapter 4 addresses the problems of testing tihie ship
1.! simulation model in calm water, of expressing the forces
'ﬁf: and moments due to sea state, and the effects of sea state
}*E on ship's behaviour.
:fﬁ‘ Chapter 5 addresses the derivation of the cost function
L), which represents the added drag due to steering.

;3% What is an adequate way to represent the fuel consump-
QE: tion ratio of added drag due to steering? Chapter 6
G addresses the fuel consumption ratio.

. Ship dynamics change with operating conditions such as
2:; ship speed, encounter angle, encounter frequency, and sea
;Eéi state. Chapter 7 presents the fuel consumption ratio of
Y added drag due to steering for PID and an Automatic Optimal
! Controller, and the difference between them.

EEE Conclusions were drawn from simulation results, and are
S presented in Chapter 8. This chapter also recommends topics
:izi for future studies.
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II. DESCRIPTION OF THE COMPUTER MODEL

.‘;*’ Before a specific controller can be designed, a real-

u '~ istic model for the ship dynamics must be found to enable

:;.;j proper simulation of the ship movements in response to

Al W control signals.

Q é The model which best represents ship-steering dynamics
- is a Taylor's series expansion of the force and moment rela-

._3‘ ‘: tionship around a selected steady-state operating point. The

).\J: ._z._J resulting equations are commonly known as the equations of

} z motion.[Refs. 2, 3, 4, 5]

® ‘; A computer program was developed in order to provide a

f\, 8 computer simulation for the ship, using experimentally meas-

{ z ured hydrodynamic coefficients for the Mariner Class Ship

a;:'_;. 3 [Refs. 2, 3, 6, 7). Figure 2.1 shows the block diagram. The

’ ‘5 computer program is shown in Appendix C [Refs. 8, 9, 10,

RS 11).

j:g The function minimization subroutine used was BOXPLX

pr- € which was programmed by R. Hilleary. The task of BOXPLX is

l to find the minimum of any function. It may be subjected to

:.' explicit constraints of the variable or implicit constraints

":G: on functions of the variables. [Refs. 11}

\\L. The sea disturbance is found as first and second-order

® forces and moments by a sea state program which has been

‘_:::' written by J. Cass [Ref. 9].

,f: D type or PID controller was used in the computer simu-

t'- lation program. PID controlller is shown in Appendix A. The

:E D type controller was described by:

K(1+T,s) 1

-‘:' § = [|---ececc---- 4 ccmmane- ‘pe

,' (1+Tps) Tys ‘

.'_‘:
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where K,Tz

ITpI

and T; are optimal parameters which were

found by the minimization subroutine,

BOXPLX.

The defini-

tions of symbols used in equations and figures are given in

Appendix D.
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Block Diagram of Ship and Control 3System.




oL v
Tt

74

- e
-

¥
sl

oo

Xy
‘

KAanet

XXX X L
I

L St et

RN
A
2 Py ‘{‘1 I.r:.

y
e
.l‘ ‘. a4

vy

L g
4
-

Ly
L3

Bt

(U
n':.g

i A

ITII. NONLINEAR EQUATIONS OF MOTION

Linear theory is useful for analyzing the influence of
ship features on controls-fixed stability as well as on the
turning ability of stable ships in the linear range [Refs.
2, 3, 4, 5, 12, 13]. However, it fails to predict accurately
the characteristics of the tight maneuvers that most ships
are capable of performing and it cannot predict the maneu-
vers of unstable ships.

Nonlinear equations of motion are suitable for
predicting tight maneuvers and also suitable for computer
programming. The nonlinear equations of motion based on a
Taylor series expansion of forces and moments including
terms up to the third order have been developed by Abkowitz
[Refs. 5, 12], and Strom-Tejsen [Ref. 3]. Accuracy is not
improved by including terms higher than third order. The
development of these nonlinear equations is based on a
restatement of linear equations to include rudder angle.
Equations X, Y, and N are functions of u, v, r, u, v, r, and
0.

Combining the nonlinear Taylor series expansion of
forces and moments terms up to third order with the dynamic
response terms of the X, Y, and N equations, the nonlinear
equations of motion are shown in Appendix B. The hydrody-
namic coefficients of the equations are determined from
experimental data obtained from captive model tests.They are
given in Appendix B [Ref. 7]. The terms not included in

tables are negligible.
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IV. SHIP'S BEHAVIOUR IN CALM WATER AND SEA STATES

S A. CALM WATER

) A simulation program in Appendix C was run for turning
g§? and zig-zag maneuvers to observe u, v, r, and yy using the
h}i ship's nonlinear equations of motion and Mariner Class Ship
%tg coefficients.

It was observed that the rudder angle changes the ship's

)Qx course. The ship's speed decreased while turning. The abso-
ESS@ lute value of v and r increased and after "a while they
,Qﬁ reached steady-state wvalues, since the ordered rudder angle
\%"‘ is constant. The larger the rudder angle, the greater the
iﬂﬁ decrease in speed, and the faster the ship turns.

:\**:* Time responses of r, v, and u are shown.in Figure 4.1,
-#%S 4.2, 4.3, and X vs. Y is shown in Figure 4.4 for the turning
W maneuver with § = 25 dégree. P Y, and u are shown in Figure
@:{ 4.5 and Figure 4.6 for the zig-zag maneuver. As is seen from
’Iﬁj the figures, a suitable and sufficiently accurate ship
;g%i computer model was defined.
;} , B. SEA STATE

ﬂﬁ To observe the ship's behavior in a sea state, distur-
;Fgg bance forces and moments are needed. They depend on sea
:0\ state, ship speed, encounter angle, and encounter frequency.
.;‘. The added mass and added inertia are functions of encounter
k{j frequency and sea state.

jﬁ; A regular sea model was used as the sea representation:
,sff the wave crests assumed to be straight, infinitely long,
’"ﬁ parallel, and equally spaced with constant wave height !
i [Refs. 2, 9, 14, 15].
EQ;: The forces exerted by the regular sea can be represented
Hf; as the sum of two components, called first and second-order

forces [Refs. 2, 6, 9, 14, 16, 17, 18, 19, 20].
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ﬁjz The first-order exciting forces are a zero mean process.
oy _' The second-order forces are a nonzerc mean process, i.e. |,
hx; they have essentially constant values. In regard to maneu-
W
: 3 vering, the first-order forces are not the primary mover of
Way . . .
ﬂj the ship. The reason for this is that the high frequencies
Pk of the first-order forces are higher than the ship can
-
?&' readily respond to. The second-order forces cause the large
‘:ﬁ g excursions that must be manually controlled, while the
Y w first-order forces cause only a ripple on the ship surface
x
S trajectory [Ref. 6].
N -
~oz The sea also induces moments on the hull of a surface
..'.‘_‘ al -
Sy 2 ship. These can be represented by first and second-order
- 3 P b4
u;L 5 moments which possess the same basic characteristics as the
o S first and second-order forces, and contribute to angular
ats, O . . A
LA motion in a similar way.
o
‘3& ; The first-order forces exerted by the regular sea have
W i the form:
. 3
Q.-
0
x F =W, Ry Cos(wget+¢;) (egn 4.1)
w
x
where
Ry
i
- 2
o
o The second-order forces FXX, FYY, and moment MZZ have
Lt
‘xﬂ constant components and periodic components at twice the
5 encounter fregquency {Refs. 6, 9, 20]. The second-order
s q
o
-:} forces FXX, FYY, and moment MZZ were assumed to approximate
Y the constant drifting forces and moments calculated by using
‘§ Sea State Program of James L. Cass [Ref. 9] for the Mariner
; f Class ship in regqular waves. This approximation was used
;; because these were the data available at the time. The
xﬂﬁ ‘ sinusoidal part of the the second-order forces and moments
-
:%S (frequency of 2 Wea) was neglected at this point of the work
LW\
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B0 [Ref. 6]. The high frequencies of the second-order forces
'! Ly and moments are also’ higher than the ship can respond to.
%ﬁ They do not effect the ship surface trajectory.

;? The exciting forces R;, and second-order forces for
,, different encounter frequencies and encounter angle were
} obtained from the sea state program [Ref. 9]. Data input to
_;:.f:: the sea state program for Mariner Class Ship 1s shown in
;,.;-. [Refs. 1, 10].

," To see the ship's behaviour in sea state, the simulation
ot program was run for ship speed 15 Knots, encounter angle 120
Ve degree, encounter frequency 0.64 radian/second, and sea
i state 8. First and second-order forces and moments were
-4 added into the surge, sway, and yaw equations that were used
A‘ in the simulation program in Appendix C. Time responses of
"‘-r.\ u, ‘[J and § are presented in Figure 4.7, 4.8, and 4.9. In
1’51 these simulations, optimal gain parameters found by the
"_}-2 BOXPLX subroutine were used with autopilot.

s The first-order forces and moments are sinusoidal,
‘_‘-_f therefore they create only oscillatory ship motion~ along
} the surge, sway, and yaw axes. The second-order forcos and
‘ moments are constaht, thus creating drift motions along
' these axes.

“, It is apparent that as the encounter frequency
:{'] increases, the effect of the first-order forces on ship
}:: motions decreases because of the high ship inertia ( acting
e as a low pass filter ) [Ref. 10, 21, 22]. An increasing
;:i encounter frequency means a decreasing wavelength-to-ship
‘.:ﬁ length ratio. The constant value of the second-order forces
l‘f.t increases when the wavelength-to-ship length ratio
R decreases. Regarding the theory, forces and moments are
-..‘-'_-j significant for short wavelengths.[Refs. 9, 17]
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V. COST FUNCTION

It is accepted that the performance objective of the

"

system in open-sea course Keeping is minimum added resis-

tance due to steering "

For Routine predictions of <the
fair-weather trial speeds for ships, the increase of resis-
tance due to steering is often taken to be one percent of
the towline resistance. Although this may offer little for
improvement, when it is based on a fuel cost 0.5 percent of
10 million dollars a year still eguals 5000 decllars.
Moreover, 1in moderate to bad weather the benefits of good
steering rapidly become more evident. It is difficult to
measure the changes of rate of fuel consumption due to
different autopilots. A number of alternative cost functiocns
have been suggested to describe the rate cf fuel consumption
[Refs. 23, 24, 25, 26, 27, 28]. )

When deriving a cost function for the autopilot, a
requirement 1is that it must be convenient for ship board
use. The cost function that has been commonly used in recent
years 1is:

T

J = lim (1/2T) | (AY2 + §%) at . (egn 5.1)

e

I __Jee]

This is an approximate form of the exact cost function.

A, EXACT FORM

The performance criterion which <characterizes the
propulsion losses due to steering may be shown to be that
derived from excess power consumption per unit distance
caused by the added resistance due to steering. The added
resistance due to steering can be related to the surge equa-
tion where the total instantaneous surge relevant to

steering is [Ref. 29]:
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AX = (1/2)xvvv2‘+ (1/2)X5582 T (X ptm)vr

+ (1/2) (XpprmXg) T2 + X gv (eqn 5.2)

This may be used to determine the energy losses related
to steering in both calm water and waves. It is not conven-
ient for ship board use, but may be used when finding fuel
cost and comparing two controllers in fuel consumption.

Then the exact form of the performance criteria is:

T
J = lim (1/2T) [[(1/2)xwv2 + (1/2)X550% + (X, p*m)vr

+ (1/2) (XpprmXg)r? + X sv§ldt  (eqn 5.3)

The lower limit is written as zero, but while using a
simulation program, the cost function will be calculated

after tp the transient response time of the system.

B. APPROXIMATE FORM

Accurate knowledge of the nonlinear coefficients in the
exact form of the performance criterion is reguired for
accurate results. In addition the criterion itself suffers
from the disadvantage that the sway velocity is not measur-
able in practice.

How can the approximate form which is suitable for ship
board be found [Refs. 10, 23, 24]?

Since the sway velocity of the ship is small, the term
including the square of the sway velocity can be neglected.
It is alio seen that XV6v6 and (1/2)(er+mXG)r2 terms are

small compared to others [Ref. 6]. After these assumptions,

25
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the cost function for the Mariner Class Ship can be written

as:
T

J = lim (1/2T) [(1/2)X8652 + (X prm)vrldt  (egn 5.4)

T+ ®
0
v and r are difficult to measure on ship board. vr can

be defined in more convenient form for ship board use.
Yawing and swaying of the vessel is assumed to stem from
either self oscillations due to the steering system cor the
forced oscillations due to waves. The ship motions resulting
from oscillatory seaway disturbance are oscillatory.
Although these oscillations do not exactly follow a sinu-
solidal pattern, they may be approximated as regular yawing
of simple periodic form. Then yaw rate, sway velocity, and

rudder angle can be represented as:

r=r, Sin(wt+¢r)
v o= vy Sin(wt+¢v) {egqn 5.5)

d = §, Sin(wt+gg)
Therefore:

J = (1/2)X6882 Sinz(wt+¢6)
+ (er+m) (vara/Z) Cos(¢v-¢r) {egn 5.6)

It is assumed that during low frequency oscillations
Cos(¢y,-¢,)=-1, i.e. , yaw rate and drift angle are in phace
with one another. And writing B:v/U as drift rate and
assuming small amplitude oscillations around the pivot point
p then, from Figure 5.1:
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tg B = (OP/R) = (OP/L)*(L/R) (egn 5.7)
) where
/ " o
[\ ".;_"\ ' :/;)

LD =

:lﬁ{f: tz R = ( LI//IT)

ity
*;@: o Therefore:

ot I,

NS -

W Ll

e > vr = rufl = ru(OP/L)(L/R) = r OP (egn 5.8)
Q-ﬁ « where

IO

sl L

; Fe Y=y

i 2 _ |
@il Then the expression for the cost function becomes:
b~ e
\‘- -

T
— : r 2
: J %iﬂ)(l/zr)J[[(l/Z)Xaaé
o 0

o~ +(Xyp*m) OP @2y?ldt (eqn 5.9)

q Then:
‘O T

T+

,3& J = lim (1/2T)‘/}A¢2+62)dt (eqn 5.10)

where
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The accuracy of the ship's path is irrelevant on the
open sea. The'impbrtént thing is minimizing the propulsioh
power “losses. These propulsion power losses can be caused by
added drag due to steering and external forces and moments

" due to sea waves and wind acting on the ship.

‘Because 1, . and § values are easily measured, the
optimum cbntrol.parameters can be found by using the approxF
imate form of the performance criterion. However, this does
rot provide evaluation of Iuel censumption, nor does i<
permit comparison of different controller designs, '

Since ship operation may <ry tc maintain constant power

&T the engine, or may attempt to maintain constant speed,
autopilot design might be reguired for either conditicn cf
cperation.

A CCNSTANT INGINE POWEIR

In calm water, <the cship is allowed to proceed Zcorward at
a cteady cpeed, and is £free from lateral disturbance while
undertaking part of a voyage. In this case the ship should
take an elapsed %“ime t, to cover a distance s, and speed u.
In reality, the ship does encounter lateral disturbances
which causes it to yaw at angular velocity r, sway sideways
with velocity v, and rudder resistance is increased while
keeping the course. This causes the ship to travel a longer
path (As) than necessary,a longer time (At) is required
than for the undisturbed case, and there is speed loss
(Au) .~

The engine uses a certain amount of fuel in a given
time:

P =W m

net - (egqn 6.1)
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Fuel Consumption = P . t (eqn 6.2)
In the disturbed case:
Fuel Consumption = P . t' (eqn 6.3)

where

t' = t+At

The ship path can be simulated with the computer simula-
tion program in Appendix D. And the time to travel the same
distance along the x-axes can be determined for calm~hatep
and for the sea state case. | ‘

In fact, to find how much fuel is consumed, the engine
specifications must be known. But, when different control-
lers are compared to determine the percent fuel savings
in the same situations, there 1is no need for engine

specificétions.
9% Fuel Consumption Pt', - P t'
2 1
Ratio S L LR E R x 100 (eqn 6.4)
t
Pt'y
where

“Pet'; = Fuel consumption at t';, elapsed time to travel
the given distance along the x-axes while using controller
#l(assume as an automatic optimal controller)

P°t'2 = Fuel consumption at t'z, elapsed time to travel
the given distance along x-axes while using controller
#Z(assume‘as a PID controller)

then:

% Fuel Consumption t'z - t'l
Ratio e R x 100 (eqn 6.5)
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The sea state forces and moments, and added drag due to

steering affect the elapsed time to travel the given
distance along the x-axes. This ratio gives the fuel
consumption ratio including all sea state forces, moments,
and added drag due to steering. But, the effect of added
drag due to steering for different controllers is needed to
compare fuel consumption.

The other disadvantage is that it can be used only for
small sea state disturb.nces, since the ship speed decreases
too much in high sea state. It may be even sufficient to
drive the ship backwards [Ref. 6]. The vital effect of the
decreasing speed is that this changes the values of the
hydrodynamic coefficients of the nonlinear equations given
in Table 2, 3, and 4 in Appendix B. The big speed differ-
ences from steady-state speed, 15 Knots, makes the nonlinear
coefficient values incorrect to represent the ship-steerir
dynamics.

As a result; for small disturbances, i.e. , when the
representation of ship-steering dynamics does not change,
then this method may be used. But, for large sea distur-
bances, the ship speed must not be allowed to decrease much
to affect the representation of ship-steering dynamics in

the simulation program.

B. CONSTANT SPEED
Using Table 6.1 [Ref. 6], it is seen that the added drag
force due to increasing RPM is a linear function. The linear

" added force vs. RPM " is found, and used in the

equation
simulation program to keep the speed constant.

While attempting to maintain speed constant, it is more
difficult to find the fuel consumption ratio, since P 1is
varying. P cannot be factored out, as in Egn. 6.5.

How can a method to find the fuel c¢onsumption ratio

without using engine specifications be found?
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The added resistance due to steering is:
AX = (1/2)Xyyv2 + (1/2) (X p+mXg)r? + (1/2)Xg582

t(Xpptm)vr + X gV (egqn 6.6)

The total surge equation is:

Xtotal = X * Xcaim (eqn 6.7)

where

Xealm =T (1 - t)

The fuel consumption ratio of added resistance due to
steering to the total surge equation, assuming constant

overall propulsive efficiency, [Refs. 2, 25} is:

% Fuel Consumption Ax
Ratio = mmese--- x 100

Using this ratio, it 1is possible to compare the fuel
consumption of the Automatic Optimal Controller and with
that of the PID. To find exact fuel consumption, engine
specifications are still needed. This ratio will be used in
Chapter 7 to compare the PID with the Automatic Optimal
Controller.
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’;x ' TABLE I

Qiﬁ SPEED AND ADDED FORCE VS. RPM

%

R RPM Speed Added Force
) (Knots) (LB)
'§5 55.5 7.0 ’ 13320
§§ 56.8 | .0 | 16870
» 58.1 | 9.0 | 21070
- 59.6 | 10.0 | 25710
o 61.2 | 11.0 | 31400

o 62.8 | 12.0 | " 37780
e 64.6 | 13.0 | 45500
1fw 66.5 | 14.0 1 53960
:?? 68.6 15.0 63420
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i%% VII. COMPARISON OF PID AND AUTOMATIC OPTIMAL CONTROLLER
Eﬂ The Automatic Optimal Controller offers the potential
. for minimization of propulsion losses due to steering in the
'ﬁ‘ open sea, and for removal of operator judgement from
$ ) steering control of the ship. The optimal parameters which
ﬁ; were found by using the BOXPLX subroutine in the Optimal
) Gain Program were shown in Table II [Ref. 1]. The approxi-
éﬁ mate form of the cost function was used in the BOXPLX
Eé subroutine. i

,i; Time responses of Yy and § are shown in figure 7.1
>Q‘ through figure 7.10 for different encounter angles using the
2g optimal parameter values in Table II

:fi No provision for automatic adaptivity to either speed,
;:§ load or seaway exists in the Universal Gyropilot, PID. Some
- adjustments of control parameters are possible, however,
‘il through an operator interface. Details of such adjustments,
'Ei and the structure and parameter values of a PID controller
;S: : are contained in Appendix A.

:) Although a PID controller can come close to emulating
.o this performance under specified internal and operator
?ﬁ settings, the operator has no means to judge steering
;gi performance other than by observation of the course
o recorder. The normal tendency of the operator is to change
ﬁﬁ the external controls available to him to bring about the
%ﬁ reduction in heading error. It greatly increases the
1&; propulsion losses due to steering.

':: The goal in this chapter is to compare an Automatic
';j Optimal Controller with a well tuned PID controller in fuel
;; savings.Now the question is how the Well-Tuned PID can be
iq defined. There are two ways to answer this gquestion. One way
:p is to define a well tuned PID as an Optimal PID Controller
‘;f and to use the same performance criterion used in finding
-ii optimal parameters of a D Type Automatic Controller, i.e.,
-
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?ﬁ? the minimization of added resistance due to steering. The
Al ) optimal control parameters of a PID in different sea state,
:f speed, encounter angle, and encounter frequencies were found
fzﬁ by using the simulation program to compute the cost function
@)~ of all combinations of internal and external control parame-
;": ters, making the modifications in the simulation program
5:% shown in Appendix C. The results were shown in Table III

mé: . Time responses of ¢ and 0 are shown,k in Figure 7.11
Lal through 7.20 for different encounter angles using the
;#; optimal parameter values in Table III . As it is seen from
~;§ the figures, the Automatic Optimal Controller and PID with
;ij optimal parameters after the transient time ﬁékes the ship
i yaw sinusoidally around the commanded course. To see their
;j . effects in added resistance due to steering, and in fuel
fi{ savings, the comparison of them was shown in Table IV . The
Eﬁ% added resistance due to steering and fuel consumption ratio
- are almost the same, since the same performance criterion
& was used, and all internal and external controls of PID are
iki adjusted, not only the external controls.

E& The PID with optimum parameters cannot be used as a well
ff: tuned PID, since the operator could not find the optimum
;2. parameters by himself to minimize the added resistance due
:Et to steering and also could not change the internal control
;:; parameters. But it 1is clear that if the optimum control
525 parameters are found in the same way as for the D Type
‘gf Controller, it gives the same fuel savings as an optimal D
EE: ) Type controller.

iﬁ The other way is to approach the question as an oper-
i§ ator. There are no means to adjust the external controls
!* available to the operator to minimize the propulsion losses |
ﬁi. due to steering other than by observation of the course
;§E recorder. The operator can adjust the external controls to
;;{ reduce the heading error, the only system output available
93 to him. The external controls available to the operator are
f?; Weather Adjust Gain, Rudder Multiplier Gain, and Rudder Rate
o

'g

f 2 R Wit S
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Multiplier. To reduce the heading error, the Weather Adjust
Gain is set to "0", and to get the fast response of rudder,
the Rudder Multiplier Gain is at "3", and the Rudder rate
Multiplier setting is "1". These correspond to K; is "1", K,
is "3", and the value of T is half of the internal control

setting.

The internal controls Tl, T2, and T; are not known for
the Mariner Class Type ship. These internal control parame-
ters are found by running the simulation program used in
finding optimum parameters for the PID with K, and K, set to
"1", and the proportional part of the PID is dmitted in the
control law of PID, Egn. A.l. The results are following:

Tl = 25
T2 = 15
Ty = 1000

Time responses of Y and § are shown in Figure 7.21
through 7.30. As is seen in Figure 7.22, 7.24, 7.26, 7.28,
and 7.30, the well tuned PID uses a larger rudder angle to
reduce the heading error quickly. The rudder angle also
oscillates in large magnitudes. It tries to get the ship to
the command heading angle as fast as possible. It increases
the cost. So consequently the fuel cost and added resis-
tance due to steering increase. The comparison in fuel
savings and in added resistance due to steering is shown in
Table V . Although the optimal internal control parameters
are used in a well tuned PID, there are differences in fuel
consumption ratio and in added resistance due to steering,
especially at quartering sea waves, 1.e., 030-060 and
120-150 degrees. The Automatic Optimal Controller provides
fuel savings in excess of 0.5 % over a well tuned PID when
operating at the design speed at random headings in sea

states.
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The internal control parameters of a well tuned PID in

the deterministic model are represented by optimal wvalues.
They might not be the actual values used for a Mariner Class
ship. The differences in fuel consumption ratio and in added
resistance due to steering should increase if actual values
are not equal to the optimal internal control parameter
values used in the simulation computer program. It is also
possible that the different operators can set the Rudder
Multiplier Gain and Rudder Rate Multiplier in different

ways. The fuel consumption ratio and added resistance due to

steering also changes in relation to these values.
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'R’ TABLE II

:b: OPTIMAL PARAMETERS OF D TYPE CONTROLLER

S

B -

- Sea State = 8

iy Ship Speed = 15 Knots

| Wave Frequency = (.53

»{: Encounter ;

!lﬁ Angle K Tz Tp Kg

- .

ai

b 030 0.69 0.01 34.38 569.14

N 060 6.70 0.01 73.47 23.16

N 090 7.45 0.19 60.58 990. 14

‘ - ]
}. 120 2.77 1.75 35.79 29.76 f
;" 150 2.41 0.01 5.29 12.42

‘ -

. | TABLE II1I |
S 5 OPTIMAL PARAMETERS OF PID CONTROLLER

|

- ! Sea State = 8

s Ship Speed = 15 KNOTS

g Wave Frequency = 0.53 :
e Encounter }
fx | C30 0.33 1.5 10. 15. 200

. 060 1. 1.5 25. 10. 200

S 090 1. 1. 25. 15. 200

LY

;: 120 1. 1. 2.5 15. 200

) 150 1. 2. 2.5 15. 200

-,":

L 3 __

N

L

-\"-q-

LS

LR

AR

N

L2
7

o3

-~ 38
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Sea State = 8

TABLE IV

COMPARISON OF OPTIMUM PID WITH AUTOMATIC OPTIMAL
CONTROLLER

Ship Speed = 15 Knots

Wave Frequency =

0.53

Added Resistance (libre)
Encounter Angle 030 deg.

Added Resistance
Pue to Steering

Fuel Consumption
Ratio ( % )

6.106

Optimum PID

6.552

Encounter Angle 060 deg.

Added Resistance
Due to Steering

Fuel Consumptlon
Ratio ( %

33.947

Optimum PID

34.080

Encounter Angle 090 deg.

Added Resistance
Due to Steering

Fuel Consumption
Ratio ( %

59.749

Optimum PID

59.928

Encounter Angle 120 deg.

Added Resistance
Due to Steering

Fuel Consumption
Ratio ( % )

28.179

Optimum PID

28.442

Encounter Angle 150 deg.

Added Resistance
Due to Steering
Fuel Consumptlon
Ratio ( %

Optimum PID

Difference

------------
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A TABLE V

‘f} COMPARISON OF WELL TUNED PID WITH AUTOMATIC OPTIMAL
A% CONTROLLER

»)

s Sea State = 8
- Ship Speed = 15 Knots ‘
';ﬁ Wave Frequency = 0.53

§§ Encounter Angle 030 deg.

- D Type Well Tuned ~ | °

cont. PID Difference

, e : Added Resistance
S5 Due to Steering 5547 7178 1631

vy Fuel Congumption .

o Ratio ( % ) 6.106 7.761 1.655

Qj Encounter Angle 060 deq.

[~ D Iype Well Tuned
L~ ' Cont. PID Difference
.jf Added Resistance

N Due to Steering 52422 53894 1108
. Fuel Consumption
poy. Ratio ( % ) 33.947 34.340 0.393
o Encounter Angle 090 deg.

. D Type Well Tuned

' Con PID Difference
I Added Resistance
T Due to Steering 108930 109267 337

o Fuel Consumption

o Ratio ( %) 59.749 59.934 0.185
»d& Encounter Angle 120 deg.

“ D Tyge Well Tuned

- Cont. PID Difference
N Added Resistance

o Due to Steering 51377 53561 2184

- Fuel Consumption

;ﬁ Ratio ( % ) 28.179 29.375 1.196
e Encounter Angle 150 deg.
ﬁ,{ D Tyge Well Tuned
; N PID Difference
’Qﬂ Added Resistance
';‘ Due to Steering 14756 15747 991
St Fuel Consumption
b3 Ratio ( % ) 8.052 8.593 0.541
he
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ﬁ: VIII. CONCLUSIONS AND RECOMMENDATIONS

.5 A. CONCLUSIONS

D An A Type controller was used in finding optimal parame-
jﬁ ters to minimize the propulsion losses due to steering in
; previous theses [Refs. 8, 10, 21, 22]. But to prevent the
fi drifting effect of second-order forces and moments on the
] ship's motions, a D Type controller was used in designing
e the Automatic Optimal Controller. The only difference
-% between them is the integrator part omitted in_the A Type.
g% Savings in fuel for an Automatic Optimal Controller, an
:f Optimal PID, and a Well-Tuned PID were compared by using a
:‘ new approach explained in Chapter 6 that does not use engine
;; specifications. It can be used in finding any ship's fuel
5% savings by finding the added resistance due to steering.

f: The optimal internal and external settings of a PID to

minimize the propulsion losses due to steering are found by

_&' the modified simulation program shown in Appendix C, since
;; there is not enough information about the settings of
= control parameters of PID for the Mariner Class ship. The
- same performance criterion explained in Chapter 5 was used
;ﬁ in finding the optimal parameters for both of them. As a
oi result, it is found that the optimal PID is as good as
;ﬁ Automatic Optimal Controller. They provide almost the same
e: fuel savings in the same situations.
\f‘ The well tuned PID was defined as a PID controller to
ZE reduce the heading error as fast as possible and to get fast
f;; response of the rudder to do this. Only external control
settings (explained in Appendix A) are available to the
;: operator. The optimal internal control settings were used in
ii simulations.The Automatic Optimal Controller provides fuel
= savings in excess of 0.5 % over a well tuned PID when oper-
ating at sea state, 8, speed, 15 Knots, and wave frequency,
Lé 0.53 radian/seconds.
::
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B. RECOMMENDATIONS FOR FUTURE STUDIES
Additional work should be done to compare the Adaptive

Automatic Optimal Controller with a well tuned PID for
different sea states, speeds, and encounter frequencies.

In this thesis the well tuned PID was used as explained
in Chapter 7. If more information is available for the PID,
especially if a precise definition can be found for the well
tuned PID, then the comparison in fuel savings with these
well tuned PID settings will provide better insight into the
value of the Optimal Controller.

In this thesis, surge, sway, and yaQ equations of motion
were used in simulations. The roll equation of motion may
be added to the simulation program and the optimal parame-
ters of the Automatic Optimal Controller may be found by
using the BOXPLX minimization subroutine. Then the compar-

ison in fuel savings will be more realistic.
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APPENDIX A
PID CONTROLLER

The standard form of a PID controller is based on
proporticnal-plus-integral-plus-derivative control. No
provision for automatic adaptivity of the controller to
speed or seaway effects exists in the PID. It relies on

adjustment of the control parameters by the operator.
1. GENERAL DESCRIPTION -

An autopilot commonly found aboard merchant ships has
the characteristics of a PID controller. The PID control law
is described by [Refs. 23, 24]:

0c = Ky [ Kp(l + -----cnnn- ) + ommmme- I Yo

where the gains are determined by operator interaction in
the following manner:
1. Weather Adjust Gain

K; = 1/3 within "weather adjust" zone

= 1 outside "weather adjust" zone
The weather adjust zone is variable from 0.3 to 5.0
degree heading error. Panel is marked "O" to "5".
2. Rudder Multiplier Gain

K, = 1 to 3, continuously adjustable (panel
control)
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e
¥ 3. Internal Control Settings
mw’ ) The time constants Tl' Tz, and T3 are preset for the
,ﬁﬁ specific ship, with the exception that may be reduced by a
o

e factor of 2 by operator interaction. The ranges of possible
’
:A% gyropilot time constants are:

1. Derivative Time Constant

[ T, = 2.5, 5, 10, 25, 50, 100, 150, 200 second
;:f "Rate Mult" control reduces the time constant by a
factor of 2 when at minimum setting.
.
.}x.
oo 2. Derivative Filter Time Constant
0 T, = 1.5, 2.5, 5, 10, 15 second
N
@ 3. Integral Time Constant
o T3 = 200, 400, 600, 1000 second
5
e 2. APPLIED TO SIMULATION PROGRAM
&5 Figure A.l1 corresponds to controller PID which has the
s form [ref. 22]: '
(-
.
‘ Tls 1
ilz Ky [ Kp(1l + ===--ee--- ) + = ]
9 (1+T,s)2 Tys
; § This can be written in simulation program as this:
3
T DX2 = ( YAWE - X2 ) / T,
I DX3 = ( X2 - X3 ) / Ty
.'.'.
1858
o Where
e
- X2 = X2 + ( DX2 * DELT )
;Z*;I X3 = X3 + ( DX3 * DELT )
Ny X4 = X4 + ( YAWE * (Kl/T3) ) * DELT
I
Lo

B
é§ 59

ey A Y T AR o e T N G T T N
_}L*-J.ﬂ Jymm«n_ﬁyﬁ4 {4 mm'v RSN I I, < RS




* - v o L - < 0 Lo cak aak soB aa) 32 £08 Bt Aok GRS s BA S Za Bk -Bea i s ath o b ach AL AL A AUk Akl bl bl

s
g
-~

.Y
IR
oy
A
,.\...

B

w
&7
e Z
‘ &‘.l o

e
o
5
wer
Al !

«
>
5%}
-
pd
95

1,’\" ‘_:
oy =

“r, X -

v .

> |
b N N <
oS O | >

iy O S S
® — ?

"SI ' !" .
’:'k'. o] . !
e W Y
‘i) - U ¢
| - D -
:"."t‘" aQ f ;;:
by O L=

= ;
. c ‘ ; ‘

HEN (W] [ -
et @ ;
o = =™
PN | % 4=
B . . .‘
WY v
z “n ) ._.T.—A
¥ ol
132 - :
53¢ i
V"

o)
@ o
"
LERt
\

Figure A.1l PID Controller in Simulation Program.

60

S PR R I S TS B S T R T
N sags N "{\b\ \‘\ \-.'1 y



I P 2 "ol T T T T

e
2

1

-
= a s

T

R A

Pl o San

FR I S O i PR Y

YU A SR EEF AN

TS il

po b P hees i

P TN N :)‘

T T TN T T S T TN I T P e N U N T A Ty T Uy N o TN e W eN UYTvyy rw oWy 7'31

APPENDIX B
NONLINEAR EQUATIONS OF MOTION AND COEFFICIENTS TABLES

Nonlinear Equations of Motions:

[ 2
LIV + (mXg - Y)r = £, (u,v,r,@) (egqn B.1)

N-Eq.: (mXg -Ng)v + (I, - N2)r = f3(u,v,r,§)

Where

£1(u, v, r,8)= X* + X* Au + (1/2)X,,Au? + (1/6)X,,,Aq° +

(1/2)%,,v2 + ((1/2)X +m¥g)r2 + (1/2)Xg56% +

(1/2) X uuv2Au + (1/2)X  r?Au + (1/2)Xgg,8%Au +

(Xyptm)vr + XV8v6 + Xr6r6 + eruvrAu +
XVSUV(SAU + erur;SAu
61
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fz(u,v,r,6)= Y* o+ Y*uAu + Y*uuAuz YLV o+ (1/6)Y

(1/2) ¥, vr? + (1/2)Y,55v82 + Y, vAu +

r3 +

(1//2 )Y rrr

VuuVAuZ + (Ypo-mu)r + (1/6)Y

(1/2)Y yrv? + (1/2)Yr56r82 + Y, rAu +
(1,2)Y o rAu? + Yg8 + (1/6)Yg558° +.
(1,2)Yg v + Ygu8Au + (1/2)¥g, ,5Au? +
YongvTd + (1/2)¥g,8r7

£5(u,v,r,8)= N* + N¥ Au + N*_ Au? + N,v + (1/6)N

(1/2)Nypvr? + (1/2)N,55v8% + Ny vAu +

vrr

2+ (N-mXgu)r + (1/6)N 3

(172 )NvuuvAu rrr’

(1/2)Npyrv? + (1/2)N 82 + N rAu +

(1,"2)NruurAu2 + N86 + (1/6)N65683 +

(1,2)Ng,,8vZ + Ng 8Au + (1/2)Ng84u? +

N..gvrd + (1/2)N8rr6r2
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R TABLE VI

e COEFFICIENTS OF X-EQUATION

198

O

b anlor Identifier gongim. gon%%m.
ey Xpansion in actor oe .
*-"..: ang Dynamic Fortran 5
-, §esponse Program *10

Pl erms

0

(Y8}

- (m-Xp,) c1 (1/2)p LBP3 840.0
B

& Xy X1 (1/2)p LBP?S- -120.0
LY (1/2)Xy, X2 (1/2)p LBP? 45.0
° 2

2. (1/6) Xy X3 (1/2)p LBP?/S -10.3
,éi (1/2) Xy, X4 (1/2)p LBPZ -898.8
el

R (1/2)X . +mXg | X5 (1/2)p LBP? 18.0
- (1/6)Xgs X6 (1/2)p LBP?S? -94.8
?;é

Lo (1/2) Xy (1/2)p LBPZ/s

ALK 4

L (1/2)Xppy (1/2)p LBPY/s

9 (1/2)Xggy, (1/2)p LBP?s

"::'

E& (Xyptm) X7 (1/2)p LBP3 798.0
b X§ X8 (1/2)p LBP?s 83.2
® Xr§ (1/2)p LBP3s 0.0
P 3

i Xyru (1/2)p LBP>/S

o Xyu (1/2)p LBP2

fi:ﬁ Xrsu (1/2)p LBPS

h2 s * 252

o X X0 (1/2)p LBP2sS 0.0
)

't::'a
"“\"'

it
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TABLE VII
COEFFICIENTS OF Y-EQUATION

Taylor Identifier Nondim. Nondim.
Expansion in Factor Coeff
and Dynamic Fortran 5
response Program *10
Terms
(m-Y¢,) c2 (1/2)p LBP3 1546.0
(mXg-Yy) c3 (1/2)p LBP? -8.6
Y, Y1 (1/2)p LBP?s -1160.4
(1/6)Yirry Y2 (1/2)p LBP2/s | -8078.2
(1/2)Yqypy (1/2)p LBP?%/S 0.0
(1/2)Y,55 Y3 (1/2)p LBP2S -3.8
(Y,-mu) Y4 (1/2)p LBP3S -499.0
(1/6)Y .y (1/2)p LBP>/S 0.0
(1/2) Yy Y5 (1/2)p LBP3/s | 15356.0
(1/2)Y, 55 (1/2)p LBP3s 0.0
g Y6 (1/2)p LBP?s? 277.9
(1/6)Ygs5 Y7 (1/2)p LBP?s? -90.0
(1/2)Ygy Y8 (1/2)p LBP? 1189.6
(1/2)¥gp (1/2)p LBP? 0.0
Ys, (1/2)p LBP2S 0.0
(1/2)Yguy (1/2)p LBP?
Yors (1/2)p LBP3 0.0
Y* YO (1/2)p LBPZS? -3.6
Y*, (1/2)p LBP2S 0.0
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TABLE VIII
COEFFICIENTS OF N-EQUATION

Taylor Identifier Nondim. Nondim.
Expansion in Factor Coeff.
and Dynamic Fortran 5
response Program *10
Terms
(mXg-Ng) cs (1/2)p LBP? -22.7
(I,-Np) c4 (1/2)p LBP> 82.9
N, N1 (" 72)p LBP3S -263.5
(1/6)Niyns N2 (1/2)p LBP3/S 1636.1
(1/2)Nypp (1/2)p LBP>/S 0.0
(1/2)Nygs N3 (1/2)p LBP3s 12.5
(N.-mXgu) N4 (1/2)p LBP%s -166.0
(1/6)N, .. (1/2)p LBP®/s 0.0
(1/2)Npgry NS (1/2)p LBPY/s | -5483.0
(1/2)Nps8 (1/2)p LBP%s 0.0
Ng N6 (1/2)p LBP3s? -138.8
(1/6)Ngss N7 (1/2)p LBP3s? 45.0
(1/2)Ngqy N8 (1/2)p LBP3 -489.0
(1/2)Ng., (1/2)p LBP%s 0.0
Ngu (1/2)p LBPS3s 0.0
(1/2)Nypg (1/2)p LBP? 0.0
N* NO (1/2)p LBP3s? 2.
N*,, (1/2)p LBP3s .0
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{%- APPENDIX C
- SIMULATION PROGRAM
4
ny.,) c*** DECLERATIONS OF VARIABLES LR R SRR E R EEE R LRSS R SRR ERE SR
‘ﬁ REAL  MH(10000),T(10000)
n _ REAL*8 L,L2,L3,L4,L5,L6 ,
REAL*8 X,XDOT,Y,YDOT,U,UDOT,V, VDOT, YAW, R, RDOT
R REAL*8 X1,X2,X3,X4,X5,X6,X7,X8
o REAL*8 YO,Y1,Y2,Y3,Y4,YS,Y6,Y7,Y8 )
i REAL*8 NO,N1,N2,N3,N4,N5,N6,N7,N8, TEM, TEMP, TEM1
o c , TEMP1
- 'REAL*8 C1,C2,C3,C4,C5,F1,F2,F3,F2X,F2Y,M22Z, FXX, FYY
f c ,M22 '
- REAL*8 RO,DELT,S,DU,Ul,K,Z1,22,P1,P2,KD,RDIF
i REAL*8 DYAWE, YAWE, YAWC, ISR, ISE, TDIFF, LAMDA, RPM, RES
K c ,EHP
1§ REAL*8 S1,S2,DS1,DS2,D, LOST, YAWDEG, DDEG, S3
<) REAL*8 MASS, IZ,XG,YVDOT,NVDOT, YR, YRDOT, NR, NRDOT, FX
\ c ,FY,MZ
& REAL*8 RX,RY,RZ,TX,TY,TZ,WA,WE, RKR, RYR, RXI,RY T, MZR
'3 c ,MZI
& REAL*8 MAGMAX,MAGMIN, TIME, ETIME,DELST1, DELST2, DELSTE
. REAL*8 BARFUE, LBFUEL
= REAL*8  TOTFR1,TOTFR2,PERC1, PERC2
2 C***WHEN PID CONTROLLER IS USED , ADD THE FOLLOWINGS *#%%#%
o C***VARIABLES LT
re c REAL*8 PIDV2,PIDV3,PIDV4,PIDDV2,PIDDV3,PIDT1,PIDT2
c c ,pIDT3,PIDK1, pidk2

S TT

C***WHEN OPTIMAL PID PARAMETERS ARE WANTED TO FIND, *%%%%*
C***ADD THE FOLLOWING VARIABLES AND GIVEN DATA VALUES=***

ol REAL*8 KK1(2),KK2(5),TT1(9),TT2(5),TT3(4)

-l o DATA KK1(1)/0.33/1./

:f o DATA KK2(1),KK2(2),KK2(3),KK2(4),KK2(5)/1.,1.5,2.
Q
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c ,2.5,3./
DATA TT1(1),TT1{2),TT1(3),TT1(4),TT1(5),TT1(6)

c ,TT1(7),TT1(8),

c TT1(9)/2.5,5.,10.,15.,25.,50.,100.,150.,200./
DATA TT2(1),TT2(2),TT2(3),TT2(4),TT2(5)/1.5,2.5,5.
c ,10.,15./
DATA TT3(1),TT3(2),TT3(3),TT3(4)/200.,400.,600.

c _ .. 1000./

Chhhhdhhdkhhhhhhhhdhrhhrddhdddhhhhhhhrdhhdhdhrrdddhrdiddrrrtsrd

QO 00 Q000000

c
C -

C*** THESE DISSPLA STATEMENTS ARE USED ONLY WHEN #*%%%#%x%
C*** RUNNING TO GET GRAPHS. THEY ARE NOT USED SRR
C*** WHEN FINDING OPTIMAL PARAMETERS FOR PID.  *%#x#%

CALL TEK618

CALL PAGE(11.0,8.5)

CALL NOBRDR

CALL HEIGHT(O.15)

CALL MX1ALF('STANDARD','&')

CALL MX2ALE('L/CSTD','#')
C***********************************'k**************
c
C*** USE THIS PART TO FIND OPTIMAL PID PARAMETERS  **%x%x
DO 11 IK1=1,2 '

DO 22 IK2=1,5
DO 33 IT1=1,9
DO 44 IT2=1,5
DO 55 IT3=1,4

QO O Q0 Q0

C*** WHEN FINDING OPTIMAL PID PARAMETERS, *###%
C*** USED ETIME=1000. Ak R kR
ETIME=2000.
TIME=0.
ITIME=0
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Ch**
CHh**

Ch**

Ch*k
Ck*%
Cr**

CH**

Q 0 QO Q  Q

LAca A L e o B e iaa s aano-ma il T T

ICOUNT=1

THESE ARE OPTIMAL PARAMETERS OF AUTOMATIC OPTIMAL ***
CONTROLLER FOUND BY RUNNING OPTIMAL GAIN PROGRAM *xk
IN REFERANS 7, 9, 21, 22, 23. il
K=0.6983

21=0.0102

P1=34.3839

KD=569. 1469
HERE, YOU CAN USE WELL TUNED PID PARAMETERS OR #%%**
OPTIMAL PID PARAMETERS FOUND BY RUNNING THIS xR kK
SIMULATION PROGRAM USING THE PART FOR FINDING R KK
OPTIMAL PID VALUES. _ FREK

PIDK1=1.0

PIDK2=3.0

PIDT1=25.

PIDT2=15.

PIDT3=200.

C*** INITIALIZE ALL THE NECESSARY VARIABLES #*#%#&#®*i&kikritis
C INITIALIZE THE COST FUNCTION

ISE=0.0
ISR=0.0
TDIFF=0.0
LAMDA=5.48

C X,XDOT,Y,YDOT ARE FIX COORDINATES ON EARTH

X=0.0
¥=0.0
XDOT=0.0
YDOT=0.0

C U,UDOT,V,VDOT ARE FIX CCORDINATES ON SHIP

v=0.0
UDOT=0.0
vDOT=0.0
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F1=0.0
F2=0.0
F3=0.0
YAW=0.0
YAWE=0.0
R=0.0
RDOT=0.0
RPM=68, 6
RES=0.
EHP=0.0
BARFUE = 0.0
LBFUEL = 0.0
R0O=1.9876*.5
G=32.174
YAWE=0.0
TEM=0.0
TEMP=0.0
TEM1=0.0
TEMP1=0.0
DS1=0.0
DS2=0.0
51=0.0
$2=0.0
PIDDVZ2=0.0
PIDDV3=0.0
PIDV2=0.0
PIDV3=0.0
PIDV4=0.0
SMALL=99999999.9

C D = RUDDER ANGLE

D=0.0/57.296

ORDERED SPEED IN FEET/SEC

C 15.%1.689 FT/SEC=15 KNOTS
Ul=15.*1.689

C AT STEADY STATE ACTUAL SPEED (U)

Q
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A U=Ul

L, L=528. '
L) .
o L2=L**2
o L3=L*L*L
&

o L4=L*L3

)
P L5=L*L4
\-‘.‘c
l-}"\ L6=L*L5
'\. -
:3& c FORCES IN X,Y DIRECTION COMPUTED IN FORCES

&3 c MOMENTS IN Z

. ftf FX=O .

1% FY=0.

1NN MZ=0.

X

o8V c

°

at: o

e C*** SEA STATE FORCES AND MOMENTS FOUND BY RUNNING#*##*%
oy THE JIM CASS'S SEA STATE PROGRAM IN REFERANS 8.  ®*%%%
‘.'*‘.

- C*** FIRST ORDER FORCES AND MOMENT

RXR=-.12887D4
RXI=-.90512D5
RYR= .74476D3
RYI= .11220D6
MZR=-.20222D8
MZ2I=-.10028D7
C*** SECOND ORDER FORCES AND MOMENT
F2X= .90755D-3
F2Y= .16626D-4
M2Z2= .96895D-4
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c
% C*%%* FINDING FORCES AND MOMENT MAGNITUDES AND PHASES **%#*
.: RX=(RXR**2+RXI**2)*% 5
E§§ RY=(RYR**2+RYI**2)%% 5
:Eﬁ; RZ=(MZR**2+MZI**2)*% §
Ko TX=DATAN2 (RXI, RXR)
.;; TY=DATAN2 (RYI, RYR)
- TZ=DATAN2 (MZ1I, MZR)
o
2 70

N T WER T m e Y T P T T R Rk et m T rm TN
DA w1 Y e o »

IR A MWt "l‘% “a A )
'y o P S TN U N MR Y e ‘,o WY U]




FXX=2.*RO*G*L*WA**2*F2X
RAGe EYY=2.*RO*G*L*WA**2*F2Y

Aoy
AN MZZ=2.*RO*G* (L*%2)* (WA**2)*M22
'_1':"),'
l': 4._{ C
) ¢
‘ﬁﬂ C*** SEA STATE AND SHIP SPECIFICATIONS #*kk#kkkikkwkkidsskk
! c SIGNIFICANT WAVE HEIGHT:SEA STATE 8-19 FEET, 7-15
g3 C . 6-11, 5-7
p ¢ :
WA=19.

oo c ENCOUNTER FREQUENCY: (WHEN ENCOUNTER ANGLE IS 30)
T
'§;g WE=0.33
‘,: o) ADDED MASS AND ADDED INERTIA TERMS:

;' MASS=.11155D+07
T I1Z2=0.000392*RO*L5
)

e XG=-11.96
o c
1oy o)
e 200 CONTINUE
;ﬁﬁ C INPUT YAW COMMAND
{; -.
2% YAWC= 0.0/57.296
) :
o C TO PREVENT THE SHIP TURNING MORE THAN ONE DEGREE
?Z; C PER SECOND AT THE BEGINNING OF THE PROGRAM SINCE
;;3 C THE SHIP CANNOT BE IN HIGHER SEA STATE INSTANTLY.

A
ot C THERE MUST BE TIME PERIOD C FROM GOING SEA STATE
G C ONE TO SEA STATE EIGHT.
LA
) TEM1=YAW-TEMP1
o3 IF(TEM1.GT.1.0/57.296) YAW=TEMP1+1.0/57.296
’%&2 IF(TEM1.LT.-1.0/57.296) YAW=TEMP1-1.0/57.296
e TEMP1=YAW
. I3
% *.'J_ (o}
[
;hﬁs C ERROR SIGNAL TO DRIVE RUDDER(YAW ACTUAL - YAW ORDERED)
o YAWE=YAW - YAWC
N <

s S=((U*U)+(V*V))** 5
'Y
1R
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DU=U-U1l

o C***IF D TYPE AUTOMATIC OPTIMAL CONTROLLER IS USED,*#%%*
e C***USE THESE Xk ok k ok
= DS1=(YAWE - S1)/P1
] D=(S1 + DS1*Z1)*K+S2
R C
ol C***IF OPTIMAL OR WELL TUNED PID IS USED TO GET GRAPHS**%*
g CHxx USE THIS PART. ek
. c PIDDV2=(YAWE - PIDV2)/ PIDT2
;é: c PIDDV3= (PIDV2- PIDV3 ) / PIDT2
i c D = (PIDK1*PIDK2*PIDT1*PIDDV3) + (PIDK1*PIDK2*YAWE)
4o C c + PIDV4 '
q cC
C***WHEN FINDING OPTIMAL PID PARAMETERS, USE THIS PART.***%*

k§§ c PIDDV2=(YAWE - PIDV2)/ TT2(IT2)
s,j o PIDDV3= (PIDV2- PIDV3 ) / TT2(IT2)

| c D = (KK1(1)*KK2(IK2)*TT1(IT1)*PIDDV3) + PIDV4
55 c c +(KK1(1)*KK2 (IK2)*YAWE)

7 -

X e
e

C*** THE RUDDER ANGLE COULD NOT BE CHANGED MORE THAN ‘**+*x*

9 C*** 2.5 DEGREES PER SECOND. n—
;~§ TEM=D-TEMP

o IF(TEM.GT.2.5/57.296) D=TEMP+2.5/57.296

e IF(TEM.LT.-2.5/57.296) D=TEMP-2.5/57.296

\_: IF ( D.GT.(35./57.296) ) D = 35./57.296

*%g IF ( D.LT.(-35./57.296) ) D = -35./57.296

X TEMP=D

=% c

,?: C*** THE VALUES OF HYDRODYNAMIC COEFFICIENTS TO REPRESENT**
o C*** SHIP STEERING DYNAMICS. ( REF. 1, 6 ) o
S C AXIAL FORCE HYDRODYNAMIC COEFFICIENTS (SURGE)

bt X1=(-0.00120)* (RO*L2*S)

(8 X2=(0.00045)* (RO*L2)

ﬁ%; X3=(-0.000103)* (RO*L2/S)

O X4=(-0.00898)* (RO*L2)

3
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X5=(0.00018)* (RO*L4)
X6=(-0.000948)*{RO*L2%S*S)
X7=(0.00798)* (RO*L3)
X8=(0.000832)* (RO*L2*S)

C LATERAL FORCE HYDRODYNAMIC COEFFICIENTS (SWAY)

c YO=(-0.000036)* (RO*L2*S*S)
Y0=0.0
Y1=(-0.011604)* (RO*L2*S)
Y2=(-0.08078)* (RO*L2/S)
¥3=(-0.000038)* (RO*L2*S)
Y4=(-0.00499)* (RO*L3*S)
¥Y5=(0.15356)* (RO*L3/S)
¥6=(0.002779)* (RO*L2*S*S)
Y7=(-0.0009)* (RO*L2*S*S)
¥8=(0.011896)* (RO*L2)

C MOMENT ABOUT Z-AXIS HYDRODYNAMIC COEFFICIENTS (YAW)

c NO=(0.000028)* (RO*L3*S*S)
NO=0.0
N1=(-0.002635)* (RO*L3*S)
N2=(0.016361)% (RO*L3/S)
N3=(0.000125)* (RO*L3*S)
N4=(-0.00166)* (RO*L4*S)
NS=(-0.05483)* (RO*L4/S)
N6=(-0.001388)* (RO*L3*S%S)
N7=(0.00045)* (RO*L3*S5*S)
N8=(-0.00489)* (RO*L3)

C COMMON COEFFICIENTS

C1=(0.0084)* (RO*L3)
C2=(0.01546)* (RO*L3)
C3=(-0.000086)* (RO*L4)
C4=(0.000829)* (RO*LS)
C5=(-0.000227)* (RO*L4&)

c REGULAR WAVES




®
o

NA FX=WA*RX*DCOS (WE*TIME+TX)

" FY=WA*RY*DCOS (WE*TIME+TY)

o MZ=WA*RZ*DCOS (WE*TIME+TZ)

~'_;‘- c

o IF(TIME.EQ.0.0)FX=0.0

N IF(DABS(FY).LT.0.00000001)FY=0.0

e IF(DABS(MZ).LT.0.00000001)MZ=0.0

b c

;

- C EQUATIONS OF MOTION

R F1 = X1*DU + X2*DU*DU + X3*DU*DU*DU + X4*V*V + XS5*R*R
2} 1  + X6*D*D + X7*V¥R + X8*V*D + RES + FX - FXX

o F2 = YO + Y1*V + Y2*%V*V#*V + Y3*V*D*D + Y4*R

%5' + YS*R*V*V + Y6*D + Y7*D*D*D + Y8*D*V*V

;f + FY + FYY '

b F3 = NO + NI1*V + N2*V*V*V + N3*V*D*D + N4*R

‘E + NS*R*V*V + N6*D + N7*D*D*D + NS*D*V*V

o + MZ + MZZ

25 o) .
W c

» Cx** ADDED RESISTANCE RELEVANT DUE STEERING AND TOTAL #*%*%%%
55 C*#% RESISTANCE AFTER THE TRANSIENT TIME. ok
s C*** WHEN FINDING OPTIMAL PID PARAMETERS, EETE
2 Cx** USE (TIME.LE.500.) * ek Kk
e IF (TIME.LE.1000.) GO TO 0001

) DELST1= ((X4*V*V+ X5*R#*R+ X6+D*D+ X7*V*R+ X8*V*D)

¥ 1 + DELST1)

g; TOTFR2= (X4*V*V + X5%R*R +X1*DU +X2*DU*DU

fﬁ +X3*DU*DU*DU + X6*D*D + X7*V*R + X8*V+*D

2 + FX - FXX- 63420.) + TOTFR2

L'l' c

) ¢ .

b C*** FINDING ACCELERATION VALUES OF U, V, AND R *#*#*%%*

o
- -

0001 UDOT = F1/Cl1
VDOT = (C4*F2-C3*F3)/(C2*C4-C5*%C3)

)
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RDOT = (C2*F3-C5%F2)/(C2*C4-C5*%C3)

WHEN TO PRINTOUT
IF (ICOUNT.EQ.2) GO TO 50
GO TO 300

CONVERT RADIANS TO DEGREES
YAWDEG= YAW*57.296
RDEG=R*57.296
RDDEG=RDOT*57.296
DDEG=D*57.296
YAWC=YAWC*57.296

ONLY USE WHEN GETTING GRAPHS
MH(ITIME+1)=DDEG

T(ITIME+1)=TIME

ITIME=ITIME+1
ICOUNT=1

TEST IF WANT TO STOP

300 IF (TIME.GT.ETIME) GO TO 400

Q

INTEGRATION STEP SIZE DELT

DELT=1.

C INTEGRATION

U=U+UDOT*DELT
V=V+VDOT*DELT
R=R+RDOT*DELT
YAW=YAW+R*DELT

C FOLLOWINGS ARE FOR D TYPE CONTROLLER.

S1=S1+DS1*DELT
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S2=82+(YAWE/KD) *DELT

"
| C
! C FOLLOWINGS ARE FOR PID.
g c PIDV2=PIDV2+PIDDV2*DELT
k, C PIDV3=PIDV3+PIDDV3*DELT
g’ C PIDV4=PIDV4+(YAWE* (PIDK1/PIDT3) ) *DELT
o8 c
C*** SO MUCH SPEED DECREASING MAKE THE NONLINEAR****%
C*** COEFFICIENT VALUES INCORRECT TO REPRESENT  ***%%
Cx** THE SHIP STEERING DYNAMICS. *oR ko
C*** SO RPM (PROPELLER ROTATION PER MINUTE) IS  *#%%%
C*** INCREASED TO PREVENT SHIP SPEED DECREASE.  *#%x%%
IF(RPM.GT.95.) GO TO 65
e IF(U.LT.14.7*1.689) RPM=RPM+1./10
T 65 IF(U.GT.15.3*1.689) RPM=RPM-1./10.
_} C .
‘ C*** TO FIND SHIP MOTIONS ON THE EARTH SURFACE. ##*xx
i‘:- C*** (REFS. 1, 9) *hkkk
.%f XDOT = U*DCOS(YAW) - V*DSIN(YAW)
i? YDOT = U*DSIN(YAW) + V*DCOS(YAW)
i X = X + XDOT*DELT
:I Y = Y + YDOT*DELT
bk c
}~ C***HOW MUCH ADDED FORCES OBTAINED BY INCREASING RPM** %%
_ RDIF=4480.*RPM-243908.
,;ﬁ RES=RDIF-63420.
i:ﬁ C*** WITH USING SHIP ENGINE SPECIFICATIONS, THE FUEL Kk
oo C*** CONSUMPTION CAN BE FOUND. kok
2 EHP=263.448*RPM-15153.5312
*; IF ( RPM.LE.80. ) SHP = 250*RPM - 11900.
558 IF ( RPM.GT.80. ) SHP = 420%*RPM - 25500.
1? BARFUE = BARFUE + (0.03125*SHP + 95.) * (DELT/86400.)
 { LBFUEL = LBFUEL +(0.000007187*SHP + 0.632625)*SHP
?i: c * (DELT/3600. )
.'z ©
s’
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TIME=TIME+DELT
ICOUNT=ICOUNT+1"

.,3 C*** FINDING APPROXIMATE COST FUNCTION KRRk K
:ﬁ ' IF(TIME.GT.1000.)ISE=ISE + LAMDA*YAWE®**2
D

IF(TIME.GT.1000.)ISR=ISR + D**2
TDIFE=(ISE + ISR)

-

| c
RS GO TO 200
& 400 CONTINUE
i _ c
KL C*** FINDING FUEL CONSUMPTION RATIO R
g} DELST1 = DELST1 / (TIME - 1000.)
; TOTFR2 = TOTEFR2 / (TIME - 1000.)
o PERC2 = (DELST1/TOTFR2) * 100.
R c
%: WRITE(6,1111) TDIFF,DELST1,PERC2
"W 1111 FORMAT(1X,F7.3,1X,F8.0,1X,F8.3)
il c
e C***USE THIS PART TO PRINT ALL COMBINATIONS OF PID*#%%%*
e C* **PARAMETERS | ok
M c WRITE(S,43)KK1(1),KK2(IK2),TT1(IT1),TT2(IT2)
si c c ,TT3(I1T3),TDIFF
oy c WRITE(6,43)KK1(1),KK2(IK2),TT1(IT1),TT2(IT2)
- c c ,TT3(IT3),TDIFF
) 43 FORMAT(' ',65F8.2,2X,F20.5)
(_ c
¢ C*** DISSPLA STATEMENTS USING TO GET GRAPHS ok Kk
9] XMIN=0
g XMAX=ETIME
.'? XINC=XMAX/6.
E?‘ MAGMAX=-1.E15
‘3 MAGMIN= 1.E15
‘A DO 150 I=1,ITIME
o IF (MH(I).GT.MAGMAX) MAGMAX=MH(I) |
‘§ 150 IF (MH(I).LT.MAGMIN) MAGMIN=MH(I)
b3
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b
.
CALL AREA2D(6.0,3.0)
ty CALL XNAME('TIME (#SEC.&) §$',100) '
@ CALL YNAME('RUDDER (#DEG.&) $',100)
. CALL HEADIN(' $',100,1.2,4)
: CALL HEADIN(' SEA STATE=8 $',100,1.2,4)
} CALL HEADIN(' EN. ANGLE=030 SPEED=15
& c D TYPE CONT. $',100,1.2,4)
¢ CALL HEADIN(' WE = .53 ( EF =.33)
. C $',100,1.2,4)
" CALL CROSS
g CALL YINTAX _
I CALL GRAF(XMIN, XINC, XMAX, MAGMIN, ' SCALE', MAGMAX)
. CALL CURVE(T,MH, ITIME,O)
. CALL RESET('CROSS')
b CALL ENDPL(O)
: CALL DONEPL
% c
i C*** USE THIS PART TO FIND OPTIMAL PID PARAMETERS LR )
X c IF (TDIFF.LT.SMALL ) THEN
: c SMALL=TDIFF
# c END IF
e C55  CONTINUE
N C44 CONTINUE
3 C33  CONTINUE
;. c22 CONTINUE
C c11 CONTINUE
_f C WRITE(8, *) SMALL
g c
% c
U STOP
_% END
Z
C
!
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- APPENDIX D

: LIST OF SYMBOLS

(!

1

P Ye Commanded Heading Angle

Q ¢ Yaw Angle, measured from the vertical xz plane

R

' to the axes of the ship; positive in the

. positive sense of rotation abiut the z-axes

i |

b Ve v - Ye .

D

B X Hydrodynamic force components on ship body

q (longitudinal)

¢

. Y Hydrodynamic force components on ship body

f: (lateral)

' N Resultant total moments acting on a ship

; about the z-axis, yawing moment

:: u Velocity components of the origin of the body axes
,} relative to the fluid, longitudinal component
v ug Commanded longitudinal velocity component

'y Au u - ul

PN .

¢ v Transverse component of velocity

l

. r Angular velocity of yaw

ﬂ

W ﬁ, &, r Acceleration components of the origin of the

i the body axes relative to the fluid (longitudinal,
3 transverse, and yawing, respectively)

» . o Angular displacement of the rudder, measured from the
A xz-plane of the ship to the plane of the rudder
S m Mass of ship

K}

b
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B |
B

(] .
'GPk
:,:'3
i
. Xg Coordinate of the center of mass of the ship ,
ﬁ& ship relative to body axes
i L] . L]
§ ) X*,Y*,N* Values of X, Y, and N at v=r=v=r=0 and u=u4 :
mk
‘_) Wo Significant wave height
rij Ry Exciting force magnitude
Jf; o; Exciting force phase angle

we Encounter frequency

ALY
o
3§ Wyave Wave circular frequency .
N B Encounter angle
L ]

; g Acceleration of gravity
(X <
;P LBP Length between perpendiculars
Y

s (u2 + v )1/2

s
*d w Natural frequency of ship's steering
WO\
2? OP Distance from the ship pivot point to the origin
P e 4
RIS (0.3 L)
x“'
e L Ship length
N
W A Weighting factor
"n
e ra'va'aa Amplitude of r, v, and §
K‘*l

I

$ P Engine power

e
) -®
_Q Whet Work done per unit mass (btu / lbm)
L2
} m Fuel mass per unit time (lbm / min)
f) Xcalm R=T (1 - t), total ship resistance without
iﬁ propeller in calm water case
e
e t Thrust deduction fraction
"
”$: T Propeller thrust
©h
§" 80
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h'};:
'
b ::j
L
=
>
}Q; ’ X Partial derivative of X with respect to ve
pade
{*if Yovv Partial derivative of Y with respect to rv?
B % ‘
: ‘.‘r 3
R N Partial derivative of N with respect to v
) vvv P
3;5 Xg/Yg-2g System of reference axes through origin
:;2 of reference axes fixed in the ship
e whose direction fixed in the ship
ahy X, v, 2 System of reference axes whose origin
Qf: and direction remain fixed in the earth
:ix Notes:
e 5%
o . . . .
T 1. Signs of all directions, forces, distances, veloci-
AYS .
,;i ties, and accelerations are positive downward along the
gf z-axes, positive to starboard along the y-axes, and positive
et forward along the x-axes and similarly along the x5 vy and
A 20-axes
lfﬁ: 2. Signs of all angles, angular velocities, angular
fﬁ{ accelerations, and moments are positive if clockwise when
%Y facing in the positive direction of appropriate axes.
i
he
AN
-".\
'\:,\\
TP
@
W
x »
)
vy
!':I'

‘ 2> N T e G G B P VO A ﬁ.m'.ﬁﬁ



10.

11.

LIST OF REFERENCES

Diken, C., Design of an Optimized Autopilot for
Operation in a Seawa —M.ST—Thé31s,'NﬁVaI“?ngg?Zduﬁfﬁ
SgEEEIT“M _—_C_¥ .

onteTey, Ca ifornia, 1985

Comstock, J. P., Principles of Naval Architecture, pp.
463-701, The oETEf?‘gf_NaVEI Architects and Marine
Engineers, 1967.

DMTB_ Report 2130 A Digital Technique th

for
Prediction of Standard Manguvers of Surface Ships, ~by
J. Strom-Tejsen, Decembér 1965.

1]

Annazolis_ Research _and Development Report, . Report
27-745, Simulation of Maneuvering Characteristics of a
Destroyer Study Ship Using a Modified Nonlinear Model;
by S. H. Br¥own and E."KIvesfad, Adgust 1974,

Massaachustts  Institute of Tgchnologx National,
Science Foundation, Sea Grant Project GH-1, Stabilit

and Motion Control of Ocean Vehicles, by Abkowitz, M.
A, pp. 3Z2-50, May 1969

%9n%§81is Research and Development Report Report

_ Phase 1, Hybrid Computer imulation of
Maneuvering During Underway Replenishment, by S. .

Brown and K. Alvestad , July 1Y/73.

HXdro-o§ Aerodynamisk Laboratorium, Report HyA 6
Planar Motion Mechanism Tests and Full Scale Steering
and maneuver1n§ Predictions for a mariner C.4sSs

VésSse K . ._~Chislett and™J,. Strom-Tejsen, pp.
201-224, Lyngby, Denmark, April 1965.

Garcia, V. C., Optimization of Guidance and Control
Using Function Minimization anhd ~“Navstar/GPS, M™M.5.
Thesis, . Naval Postgraduate School, Monterey,
California, 1984.

Cass J., Theory and Applications of _a Sea State
Simulation Progtram M.S. @ﬁe51s _ pp.. 13-%0 Naval
postgraduate School, Monterey, California, 1984.

Tansan, T., An Automatic Control Design for the
Mariner Class Ships, M.S.  TheSis, Nava ostgraduate
School, Monterey, California, 1984

Box, M. J., "A New Method of

A S onstrained Optimization
and a_ Comparison with 0

g Methods ', Computer

T

C
he
96

t
Journal, pp. 45-52, 8 April 1




e

‘ \

Jg¢

S 12. Hydro-0Og Aerodgnamlsk Laboratorium, Report Hy-5

. Lectures in Hydrodynamics, Steering, an
Yoty Maneuverability, by M. A, AbkoWitz, Lyngby,
tiely

o Copenhagen, Denmark, May 1964

2ol 13. Eda, H, and Crane, ”Steerln% Characteristics of
;32 Ships_in Calm_Water an& Wav rans. SNAME, pp.
B £ 135177, New York, November 1963. B

‘ﬂﬁ 14. "Twelfth  International Towing Tank Conference"
L) Proceedings, pp. 673-734, Rome, September 1969.

.

o 15. Bhattacharyya Dynamics of Marlne Vehicles A
éﬁ Wiley- Inte¥zc1ence PubI%Eaflon, ’

o

Y 16. Motora, S. "StriEW1se Calculation_ of Hydrodynamic
e Forces due to Beam Seas Journal of Ship Research,

June -

Q{

b 17. Newmapn, _J. N. "The Drift _and Moment on Ships in
oy Waves'', Trans. SNAME, pp. 51-60, March 1967.

kﬂ 18. Joosen, W. P. A. "Added Resistance of Ships in
L Waves Proceedlngs, pa 637-647 Slxth Symp051um of
pr Naval ﬁydromecnanlcs, ashington D.c., 1966"
Sy

- 19. Strom-Tejsen, J.,Hugh, Y. H., and Moran D "Added
- Resistance in Waves', Trans. SNAME, 109 143,
o November 1973.
e 20. Maruo, H., '"The Excess Resistance of a Ship in Rough
. Seas", I.S8.P., pp. 337-345, July 1957.

Qﬂ 21. Horianopoulos, E. Optimization of Surface E
- Steering in Sea State pPp. 13-23, M.ST e31s, N
ij- Po§fgra§u“fe School, Monterey, California, 1984
;Lﬁ 22. Pericles, K. S., Development of Criteria_ for Automatic
Y Steering, pg.l3-5 M.S Thesis Naval Postgraduate
il School, Monterey, California, 1984.
Vg

Lo 23. National Marltlme Research Center Phase 2A,
® Improvement of Sh Steering Control for Merchant
o bnlgs, b; R. eld PP. J9-45, KingS Point, New
oy 24 Reid, R. E., Design of an Automatic Steering Control
v S stem for Sh12886§91M1n1m12e Ad%gd ReSistamnce ‘age E%
) eering, . - Ph. D €sis, uUniversi 0
g Virginia, 1898. ’ v
\f* 25. Kalsstrom C. and Norrbin, N. H. Performance
k- Criteria for ShlE Autopilots, ’paper pr esented at “the
[ Procéedings Sg 051um on Ship Steering Automatic
- Control, pp. Genova, Italy, 1980.

VA
e 83
‘ﬁ§




......

R
N
,_&:L

~
%R 26. ggrrbln, N. Sg h%g the Added Re31§§anceddue tﬁ_

eering on_a rai Course apeT presented at

I& THT?EE_HtH_Iﬁ Efﬁiféﬁﬁa ow1ﬁ§ gagk anference, v. 1,
‘ pp 382-408, Berlin/Hamburgh, 1
o 27. Clarke "'Development of a cost function _for 1
A Autopliot Ogtlmlzatlon Proceedings S mposium on Shi
I Steerin omatic ContrOL, PP. 99-7 enova, Italy,
iy
N une .
1) 28. Soding, H. Influence of Course Control on Propulsion
-~ Power Publication of —the Sonderforschung sEerc1cH 98
s Schiffsetechnik und Schiffbau, pp. 63-68, 984.
i“; 29. Reid, R. E., Mears, B. C., and Griffin, D. E Energy
G Losse§ Related to _Automatic Steerlng o] g
- ¥g§§s , Trans. SNAME, v. 105, pp.318-324, Sep ember
g
Nr,

oy

-
-
x

2 e

e N
A x,)a.)l

s A

o

‘.‘"‘JYJ -
T ER ® z

% ;'\:l
- ax
L A
brag At s, A,

L A
*

T
A,
RS

a4t a1 a

;- v
. .."r‘r“x
. 8 .

dy e bty
PP |

e

*a

84

. OO
'.»«.. ARy

-
s
‘l l:

-'- AN N e h.\'_..“

- A
. "‘.'n‘e'! L) )l' 'I“.l ‘ N a‘ % X 4 "' 'Q.n o Q’ ) S. F *‘

f 0 I 14 A Lhi N M 0}

Pp T M P o P M ™A™y "8 s " a" ‘_4"-'.~“." _f 'u J O
"‘" ',“-‘r . oA AR CRCEC I oY ‘\.'_'&.;'n o .

Fre s




10.

11.

INITIAL DISTRIBUTION LIST

No.

Librar¥, Code 0142
Naval ostéraquate.School
Monterey, California 93943-5100
Department Chairman 62
Department of Electrical and
Computer Englneer1n§

Naval Postgraduate School
Monterey, California 93943

Professor J. Thaler, Code 62Tr
Department of Electrical and
Computer Englneer1n§

Naval Postgraduate School
Monterey, California 93943

Professor Alex Gerba Jr., Code 62Ge
Department of Electrical and
Computer Eng1neer1n§

Naval Postgraduate School

Monterey, California 93943

Mr GeorEe Curry
HENSCHEL

9 Hoyt Drive, P.0O. BOX 30
Newburyport, Mass 01950

Mr John Carter

HENSCHEL

9 Hoyt Drive, P.0. BOX 30
Newburyport, Mass 01950

Dr Robert E. Reid

University of Illinois .
Mechanical Engineering Building

1206 West Green Street

Urbana, Illinois 61801

Mr Charles Wagner
HENSCHEL

9 Hoyt Drive, P.O. BQOX 30
Newburyport, Mass 01950

LTJG. Volkan Akinsal
Orta Yali Sokak
No.1l5 Heybeliada
Istanbul| Turkey

LTJG._Cetin_ Diken
Turk-Is Bloklari
106/4 Aydinlikevler
Ankara, Turkey

LTJG. Tayfun Tansan
Goztege stasyon Cad. No:31/13
Istanbul,

Turkey

85

A s
R NNt Y .

T AT AT AT AT AT A T A TR, A - RN
RO ~:‘_4"1~"’}.‘ AN NN, NN

Copies




Ry

N,

fin

QRS

:.Q:E :

. -;‘ll‘
s
Jalele]

T

A
g 'S
Y
~

12.

13.

14.

15.

l6.

17.

18.

19.

Deniz Kuvvetleri Komutanligi
Kutuphanesi
Bakanliklar-Ankara

Turkey

Denlz Harb Okulu Komutanligi
kul Kutug anesi_ ve

Elektrlk olumu Kutuphanesi

Tuzla, Istanbul

Turkey

Istanbul Teknik Universitesi
Elektrik Fakultesi
Istanbul, Turkey

Orta Dogu Teknik Universitesi
Elektrik Fakultesi
Ankara, Turkey

Bogazici Unjiversitesi
Elektrik Fakultesi
Istanbul, Turkey

Bursa universitesi
Elektrik Fakultesi
Bursa, Turkey

Dokuz Eylul Universitesi
Elektronik ve Haberlesme Bolumu
Izmir, Turkey

Defense Technical Information Center
Cameron Station
Alexandria, Virginia 22304-6145

86

0
A

F T S S S Y S S SN S, R

Ty P RS
1_“\.‘.\ . 4’\.- ~\'-\. e
J

\% '. '\‘\‘ ,\‘,. '.\_'.



